The Ashkenazi Jewish (AJ) population has an increased risk for a variety of recessive diseases due to historical founder effects and genetic drift. For some, the disease-causing founder mutations have been identified and well-characterized, but for others, further study is necessary. The purpose of this study is to assess the carrier frequencies of 85 pathogenic variants causative of 29 recessive conditions in the AJ population. Up to 3000 AJ individuals were genotyped by Luminex MagPlex ® -TAG ™ bead array or Agena Bioscience ™ MassARRAY assays. We identified seven conditions with carrier frequencies higher than 1 in 100, nine between 1 in 100 and 1 in 200, and four between 1 in 200 and 1 in 500. Variants in nine conditions had a detected carrier rate of less than 1 in 500 or were not identified in approximately 2000 AJ individuals. We assessed the combined AJ carrier frequency for 18 relatively prevalent diseases to be 1 in 6, and the risk of AJ individuals to be a carrier couple for one of these 18 diseases as 1 in 441. We note additional recessive genetic conditions should be considered for AJ carrier screening panels.
Introduction
The highly shared genetic background of Ashkenazi Jewish (AJ) individuals has enabled the identification of population-specific founder mutations for a variety of Mendelian diseases. Founder mutations for severe, recessive conditions have been included in prenatal carrier screening programs, which have been adopted by the AJ community. Practice guidelines published by the American College of Medical Genetics and Genomics (ACMGG) in 2008 recommend that all individuals of AJ ancestry who are pregnant or considering pregnancy receive testing for cystic fibrosis, Canavan disease, familial dysautonomia, and Tay-Sachs disease, and be offered testing for Fanconi anemia, complementation group C, Niemann-Pick disease type A, Bloom syndrome, mucolipidosis IV, and Gaucher disease (1). Many laboratories, including our own, also screen for additional targeted mutations on expanded carrier panels (2) . More recently, the ACMGG has published a policy statement regarding the incorporation of additional targeted mutations in expanded carrier screening panel testing (3) .
Here, we present the carrier frequencies of 85 pathogenic variants causative of 29 recessive conditions in the AJ population. We also compared the AJ carrier frequencies of 18 conditions that may be appropriate for genetic screening in the AJ population to frequencies identified in a general population excluding 100% self-reported AJ individuals.
Materials and methods

Study population
Peripheral blood samples were obtained with informed consent from 2252 individuals who self-reported 100% AJ ancestry undergoing carrier screening at The Mount Sinai Genetic Testing Laboratory. DNAs were genotyped for 85 variants causative of 29 conditions (Tables S1, S2 , Supporting information). An additional 1390 individuals of AJ ethnicity and at least 6813 individuals of ethnicities excluding 100% AJ ancestry received carrier screening for 18 of these conditions as part of our expanded carrier screening. This research was carried out using preexisting, anonymized DNAs, and this human subjects research met criteria for exemption by the Mount Sinai Institutional Review Board (Exemption 4 category).
Carrier screening assays
In the pilot screening, 84 variants were genotyped using Luminex MagPlex ® -TAG ™ bead array (Luminex, Austin, TX) and/or the Agena Bioscience™ MassAR-RAY system (Agena Bioscience™, San Diego, CA) (Tables S3-S5 ). One variant, MAK p.K433fs, was genotyped by PCR followed by gel electrophoresis. A minimum of 1494 DNA samples were genotyped.
Subsequently, an expanded AJ carrier screening clinical test was developed based on Agena Bioscience™ technology and included assessment of 67 variants causative of 18 conditions (Table S6) . A minimum of 1390 individuals and 6813 individuals from a general population sample that excluded individuals with 100% self-reported AJ ancestry were tested (Table 1) .
Results
Variant selection and panel design
In an effort to better characterize additional genetic diseases in the AJ population, we reviewed the literature and our internal laboratory database to compile a list of pathogenic variants to be further investigated. Pathogenic variants causative of recessive conditions with significant morbidity and early childhood-onset presentations were considered. Two pathogenic variants (PKHD1 c.3761_3762delCCinsG and SUMF1 c.463T>C, p.S155P) were recommended by geneticists in our Clinical Genetics Program for inclusion after identifying disease-causing mutations in individuals of AJ descent (Supplementary Methods); one of these variants, PKHD1 c.3761_3762delCCinsG, has since been reported (4) . Pathogenic variants already included as part of our carrier screening panel were excluded from this study (2) . In total, 85 pathogenic variants causative of 29 recessive disorders were further studied (Tables S1 and   S2 ). Conditions included 10 metabolic diseases (CPT2, CDG1A, GALT, HHH, MSD, PHGDHD, TYRSN1, WD, PBD1A, and PBD5A), 5 neurological conditions (AMRS, HYC1, LS-NDUFS4, LS-NDUFAF5, and PCH1A), 3 developmental disorders (BBS2, DC, and SLOS), 3 hematologic diseases (ABL, CAMT, and SCN3), 1 connective tissue disorder (EDSVIIC), 1 dermatologic disorder (JEB-H), 3 ocular diseases (RP59, RP62, and GLC3A), and 3 renal diseases (ATS-COL4A3, ATS-COL4A5, and ARPKD) ( Figure S1 ).
Allele and carrier frequencies
The allele frequencies of the 85 variants assessed in 100% AJ individuals ranged from 0 to 0.0190 (Table  S7) . A total of 37 out of 85 variants were detected in this population, and 24 out of 37 variants had allele frequencies higher than 0.1%. Six variants had frequencies higher than 0.5% and three alleles had frequencies higher than 1%. Three homozygous individuals were identified (MTTP c.2593G>T, p. G865*, n = 1, Hardy-Weinberg equilibrium p < 0.01; CYP1B1 c.1103G>A, p.R368H, n = 2, Hardy-Weinberg equilibrium p = 0.18). Allele frequencies for these variants in the AJ population were compared to those in the Exome Aggregation Consortium (ExAC) non-Finnish Caucasian dataset ( Figure S2 ). Most variants showed enrichment in the AJ population, suggesting possible founder effect.
We did not identify any carriers for four conditions (ATS-COL4A5, HHH, HYC1, and LS-NDUFAF5). Two eye conditions, GLC3A and RP62, had carrier frequencies of 1 in 26 and 1 in 29, respectively, and were therefore excluded from further analysis. The carrier frequencies for 18 remaining relatively common diseases ranged from 0.028 (1 in 36) to 0.003 (1 in 373), which resulted in a cumulative carrier frequency of 0.166 (1 in 6) ( Table 1 , Figure S3 ). The likelihood of two AJ individuals being a carrier couple for one of these 18 diseases is 0.0023 (1 in 441). When the 18 relatively common AJ conditions identified in this study are added to 18 conditions commonly tested in the AJ population for a total assessment of 36 conditions, the cumulative AJ carrier frequency is 1 in 2 (Table S8) .
Discussion
In an effort to ascertain whether additional AJ conditions should be considered for extended AJ prenatal carrier screening panels, the literature was reviewed and the carrier frequency of 85 pathogenic variants causative of 29 recessive conditions in approximately 2000 individuals who self-reported 100% AJ ancestry was assessed. Thirty-seven variants were detected in this AJ population with allele frequencies ranging from 0.01% to 1.90%. Many of these variants trended towards enrichment in the AJ population, supporting the existence of founder effects. Additionally, almost all (35 of 37) of these variants are rare in the general Caucasian population with allele frequencies ≤0.5%. The exceptions were DHCR7 c.964-1G>C and PMM2 p.R141H. DHCR7 c.964-1G>C is the most common causative variant for SLOS with allele frequencies of 1.27% in the Refers to the risk of being a carrier of the disease after testing negative for listed mutations.
ESP European American population, 1.06% in the 1000 Genomes Project European population, and 0.68% in ExAC Caucasian population. Despite its high frequency, this variant has rarely been reported as homozygous in SLOS patients, and the few reported homozygotes have all manifested the most severe end of the phenotypic spectrum (5, 6) . Additionally, epidemiological studies suggest that the prevalence of SLOS is much lower than expected given the high carrier frequency of this variant (6) (7) (8) . This discrepancy may be explained by either embryonic lethality or early fetal demise caused by homozygosity of this null allele. Similarly, PMM2 p.R141H has a high carrier frequency (0.54% in ESP European Americans, 1.2% in the 1000 Genomes Project European population, and 1.1% in the ExAC Caucasian population) and the observed disease prevalence of 1:40,000-80,000 is much lower than expected given this frequency (9) . This pathogenic variant has not been reported in a homozygous state in CDG1A patients and may cause embryonic lethality (9) . However, this population incidence discrepancy could be explained by either under diagnosis of CDG due to its highly variable clinical presentation, or due to reproductive advantage at the stage of gametogenesis, fertilization, implantation, or embryogenesis, rather than resistance to environmental factors during infant or adult life (10) . Hence, considering the complexity of both SLOS and CDG1A, caution should be taken when providing genetic counseling for these two conditions. The carrier frequencies determined from genotyping approximately 2000 AJ individuals were compared to frequency data available in the literature. Of note, one limitation of this study is that the ancestry was self-reported. Except for one variant (SLC25A15 p.F188del), our calculated carrier frequencies correlated with published data. The SLC25A15 p.F188del variant is common in French-Canadians with an extremely high carrier rate of 1 in 19 in an isolated northern Saskatchewan region (11) . This variant is almost exclusively reported in French-Canadian HHH patients and had not been reported in AJ individuals except for a 1 in 94 carrier rate in a small control group with less than 300 self-reported AJ individuals. The high occurrence of this mutation in the French Canadian population, the low incidence in other ethnic groups, and the absence of this variant in more than 2000 AJ individuals in the present study suggest that this variant is less likely to be an AJ founder mutation.
Presently, variants in 25 genes were detected in a population of approximately 2000 individuals of self-reported 100% AJ ancestry; however, not all of these variants are proper candidates for reproductive genetic testing. Five conditions (JEB-H, LS-NDUFS4, PCH1A, SCN3 and PBD1A) had carrier frequencies of less than 1 in 500, and therefore were not included in our clinical testing panel. The missense variant CYP1B1 p.R368H for primary congenital glaucoma had the highest carrier frequency at 1 in 26. Surprisingly, two homozygotes were identified by genotyping 2148 healthy AJ individuals. The allele frequency of this variant was 1.9% in this AJ population, which was much higher than that reported for general European Caucasians (ExAC Caucasian population, minor allele frequency 0.29%). Obligate homozygous carriers without clinical manifestations have been reported for this variant, suggesting incomplete penetrance of this disease allele (12) . MAK p.K433fs had the second highest AJ carrier frequency (1 in 29) in our screening. A large number of persons homozygous for this variant has been reported, all of whom manifested late-onset disease with slow progression (age at diagnosis ranged from mid-30s to 70s) (13) . Hence, we did not include these variants in our clinical AJ carrier screening panel.
We also evaluated variants causative of several diseases that may be considered less severe genetic conditions. For example, the age at presentation of WD varies from early childhood to late adulthood, and symptoms are highly variable, even within families. Two additional conditions (GALT and TYRSN1) may be diagnosed via newborn screening and so reproductive testing for these diseases may not be recommended. However, given the high AJ population carrier frequencies and significantly reduced quality of life associated with these conditions, knowledge of disease status prior to clinical manifestations may benefit patients. Additionally, establishing early diagnosis of a metabolic condition and providing intervention may prevent metabolic decompensation and result in a more favorable prognosis.
For most disorders we analyzed, a limited number of pathogenic variants account for the vast majority of mutant alleles, enabling highly sensitive targeted molecular genetic testing in the AJ population. This testing may be more cost-effective, faster, and simpler to analyze than tests involving full gene sequencing. However, limitations to performing targeted molecular testing in AJ carrier screening include a reduced detection rate in individuals of mixed ethnicity and the diminished ability to identify novel mutations. When the partner of a known carrier is negative by genotyping or is not of AJ descent, full gene sequencing may be recommended as a second-tier choice.
Here we assess the frequency of 85 pathogenic variants in the AJ population, and the results suggest that additional diseases should be considered for AJ carrier screening panels. These findings may serve as a reference for future genetic education and counseling in AJ communities.
Supporting Information
Additional supporting information may be found in the online version of this article at the publisher's web-site.
